In the present study, human otoacoustic emissions (OAEs) documented in the literature are shown to agree with predictions based on the hypothesis that the main OAE sources are active cochlear outer hair cells (OHCs) of three different functional categories, namely (1) OHCs enabled by oscillating internal organ-of-Corti resonators (IOCRs) to feed mechanical energy into forward-travelling cochlear waves generated by the acoustic stimuli used, (2) OHCs driving spontaneous localized feedback-generated cochlear-partition vibrations involving standing evanescent sound-pressure waves in the liquids above and below the partition, and (3) OHCs causing nonlinear restoring forces enabling pairs of stationary tones to generate distortion products (DPs). The corresponding predictions of OAE properties are based on cochlear maps, i.e., on certain functions x(f), where f is the frequency of a tone and x is a related distance from the cochlear base, measured along the cochlear channel.
INTRODUCTION
The purpose of this note is the presentation of ideas on the causes of several different forms of human otoacoustic emissions (OAEs) documented in the literature, as specified in Sections 2 and 3 below. Predictions of the properties of human OAEs will be obtained with the help of cochlear maps. Here the term "map" designates a function x(f ), where f is the frequency of a sinusoidal tone and x is a related distance from the cochlear base, measured along the basilar membrane, as shown in Fig. 1 . In Sections 1.1-1.4, four cochlear-map categories are briefly described. A more complete treatment of these four categories is given in [1] . 
The Passive-Peak (PP) Map
Passive human cochleae (i.e., cochleae in which the mechanical energy generated by active outer hair cells is absent) were studied, e.g., in the post-mortem experiments of von Békésy [3] , who found that during a stationary sinusoidal tone there is a cochlear liquid-surface wave travelling in the +x-direction (see Fig. 1 ). In spite of the fact that the mechanical energy of that travelling wave (i.e., the kinetic and potential energy of the cochlear-partition elements and of the liquid particles) starts to be transformed into frictional heat at the cochlear base already, the velocity amplitude of the basilar-membrane (BM) oscillation increases with x. At the passive-peak place x PP (f ), that increase stops, and at greater x the amplitude quickly drops to small values. At high [low] f, x PP (f ) is small [large] , as shown in Fig. 2 , where x PP (f ) is given by the lower curve, ranging from 0.025 to 6 kHz.
influence on the place of maximal BM oscillation velocity is slight at SPL > 100dB; i.e., above 100 dB the BM oscillation velocity peak is close to the passive peak even in a healthy cochlea.
The Basilar-Membrane Resonator (BMR) Map
That map, i.e., the function x BMR (f ), shown in Fig. 2 by the upper curve, ranging from 2.5 to 13 kHz, gives the place of that organ-of-Corti slice (BM element and attached cells) which in a cochlea without liquid above and below the partition would have a resonance frequency of f. During the oscillations of the BM resonator, the centerof-mass of the considered organ-of-Corti slice oscillates in a direction perpendicular to the BM. A detailed discussion of the BMR map is given in Chapter 34 of [1] .
The Internal Organ-of-Corti Resonator (IOCR) Map
The IOCR-map x IOCR (f ), similarly to the BMR map, defines the place of that element of the internal organ-ofCorti (IOC) resonator which in a cochlea without liquid above and below the partition would have a resonance frequency of f. During the oscillations of the IOC resonator, the shape of the considered organ-of-Corti slice varies periodically. As discussed in Chapter 41 of [1] , the human IOCR map is conjectured to coincide, for f > 1 kHz, with the PP map (lower curve in Fig. 2 ). The IOC resonator enables the outer hair cells to feed energy into cochlear travelling waves and thus to give rise to the active BM oscillation velocity peak. The main source of that energy is thought to be the electric current which flows through the outer hair cells and is modulated by the stereocilia of those cells. The human OAE data presented in Fig. 16 .13 of "Psycho-acoustics, Facts and Models" [4] , and also in the later edition of that textbook, are analysed in [2] . The primary-click waveform is shown in Fig. 3 at time = 0 to 2 ms; its frequency spectrum is presented in Fig. 2 of [2] . The click and the TEOAE (transient-evoked OAE; time = 4 to 17 ms in Fig. 3a ) both contain frequencies from ~1 to ~2.5 kHz. The time dependence of the TEOAE frequency, estimated from the zero-crossings of the waveform in Fig. 3a , is shown by a solid line in Fig. 4 . At time > 14 ms there is, in Fig. 3a , a "spontaneous" stationary 3-kHz emission, triggered by the click (see paragraph below Fig. 4 ). For 14 ms < time < 17 ms, the 3-kHz emission is superimposed on the TEOAE.
SUMMARIES OF PREVIOUSLY PUBLISHED ANALYSES

The Human-OAE Data of Zwicker and Fastl
Interpretation of trace b in Fig. 3 : the OHCs in the basal half of the cochlear channel were damaged; cochlear travelling waves generated by the click were "passive", were not significantly reflected, and were extinguished by friction after having passed their passive-peak place.
Interpretation of the two traces a in Fig. 3 : any strong component of the click frequency spectrum caused the OHCs in the corresponding IOCR resonance region to feed "actively" mechanical energy into the travelling wave, to thus give rise to the "active peak" for that component, and also to generate a backward travelling wave, which carried some of the mechanical energy generated by the OHCs back towards the stapes. Filled circles: theoretical frequency, derived from cochlear maps (Fig. 2 ) via surface-wave formulae [1, 2] .
The "spontaneous" 3-kHz emission in Fig. 3a (at time > 14 ms): SOAEs (spontaneous OAEs) have been attributed to "global" cochlear standing waves, extending from the cochlear base to the best place of the SOAE frequency (e.g., [5] ). As an alternative, it is hypothesized in the present study that SOAEs (like the stationary 3-kHz vibration in Fig. 3a) can be attributed to localized feedback-generated BMR oscillations involving evanescent liquid sound-pressure waves [1, 6, 7] . Calculations for an idealized cochlear box model [6, 7] suggest that such localized BM oscillations generating standing evanescent liquid sound-pressure waves are possible if active OHCs exert suitable x-dependent forces which periodically extend and reduce the local distance between the BM and the tectorial membrane. In [2] , the BMR frequency ratio (without-liquid / with-liquid) was assumed to be 1.4. Corresponding without-liquid frequency of the BMR which generated the 3-kHz emission: 4.2 kHz; place of that BMR according to Fig. 2 (BMR-curve, valid for oscillations without cochlear liquid): x = 16.6 mm. The IOCR-curve in Fig. 2 yields that the frequency components of the click excited strong IOCR vibrations between x § 15 mm (2.5 kHz) and x § 21 mm (1.0 kHz) and so were indeed able to excite the just mentioned localized BMR vibrations at x = 16.6 mm which are thought to have generated the 3.0-kHz SOAE in Fig. 3a . That conclusion is not altered if the abovementioned frequency ratio of 1.4 is replaced by 1.2 (see Section 3.1.2).
The theoretical TEOAE delays (calculated with the help of the cochlear maps in Fig. 2 and of surface-wave formulae [1, 2] ) were found to agree not only with Fig. 16 .13 of Zwicker and Fastl [4] (reproduced in our Fig. 3 ), but also with the many experimental TEOAE delays presented in their Fig. 3 .20.
The Human-OAE Data of Verhulst
At Forum Acusticum 2011 in Aarhus, Verhulst presented human TBOAEs (OAEs evoked by tone bursts) [8] . These data are analyzed in [9] ; they differ appreciably from the click-evoked OAEs shown in Fig. 3 . Nevertheless it was found in [9] that the data in [8] , too, are compatible with predictions based on the cochlear maps in Fig. 2 and on the theoretical delay function t d ( f ) given by the four filled circles in Fig. 4 . The frequency spectrum of the Hann-windowed tone bursts used in [8] contains high-and low-frequency satellite peaks at -31 dB, -41 dB, etc. In [9] , these satellite components are shown to be relevant at high sound-pressure level of the primary tone burst if their frequency is greater than about 1 kHz, because at those frequencies the components are strongly amplified by the OHCs in the corresponding IOCR regions [1] . At delays above 20 ms, the high-SPL emissions presented in [8] take the form of beats. In [9] these beats are attributed to the superposition of two SOAEs at frequencies close to each other, such as 1.4 and 1.6 kHz.
A NEW ANALYSIS OF HUMAN OTOACOUSTIC EMISSIONS
In this section, a new analysis of three diagrams in classic papers by D. T. Kemp [10] and J. P. Wilson [11] will be described. paragraphs, the traces A, B, C, and D in Fig. 5 will be shown to be compatible with the assumption of localized feedback-generated BMR oscillations such as those described in Section 2.1 above.
Figure 3 of Kemp's Paper
Forced Oscillations of a Simple Resonator
Chapter 28 of [1] treats stationary forced oscillations of a simple resonator consisting of an electrically charged sphere suspended on an insulating spring. The sphere is assumed to experience a vertical electric force which varies sinusoidally at a given frequency f. The resonator is assumed to have a resonance frequency f 0 of 16.5 kHz. Fig. 28.4 of [1] yields that at low f the phase lag of the resulting displacement of the sphere, with respect to the oscillation of the electric force, is small; at the resonance frequency f 0 the phase lag amounts to 90 degrees; at the two frequencies at which the oscillation velocity is smaller than its maximum by a factor of 0.707, the phase lag amounts to 45 or 135 degrees. Fig. 5 The spontaneous ear noise shown in trace D peaks at f = 1754 Hz. As mentioned in Section 2.1, that SOAE is hypothesized, in the present study, to be generated by a localized BMR vibration involving standing evanescent sound-pressure waves in the liquid above and below the cochlear partition [1, 6, 7] . The BMR frequency ratio (without-liquid / with liquid) is not precisely known. In the following, that ratio will be assumed to be 1.2, as found in the box-model calculation [7] . This leads to a without-liquid BMR frequency of 1.2 × 1.754 § 2.1 kHz and, via Fig. 2 , to the place x BMR § 21 mm for the oscillating cochlear-partition element under discussion. At that place the with-liquid resonance frequency regions of the local BMR and the local IOCR (Sections 1.3, 1.4) are conjectured to overlap abnormally, so that a feedback-generated BMR oscillation can be built up.
Interpretation of
The traces A, B, C in Fig. 5 manifest SFOAEs (stimulus-frequency OAEs) in the frequency region of the just described SOAE. The continuous-tone input does not prevent the build-up of standing evanescent waves at x § 21 mm because at f = 1.75 kHz the travelling wave generated by the primary tone reaches, according to Fig. 2 , the active excitation peak at x § 20 mm, so that the liquid at 21 mm is not strongly disturbed. It is plausible that the mentioned travelling-wave active-peak location (20 mm) is close to the weakly-damped-BMR location (21 mm): thanks to that closeness the continuous-tone travelling wave is able to trigger and to synchronize the stationary vibrations of the weakly damped BMR.
Constructive and destructive interference in the ear canal: at continuous-tone frequencies between 1.74 and 1.77 kHz, the just mentioned stationary BMR vibrations at x § 21 mm are thought to generate a backward travelling wave and a corresponding SFOAE. In the ear canal, that SFOAE interferes with the primary tone. The frequency dependence of the phase lag of the SFOAE pressure with respect to the primary-tone pressure is concluded to be similar to that of the phase lag described in Section 3.1.1: at 1750 Hz, the lag is less than 90 degrees, and the interference is constructive; at 1754 Hz, the lag is close to 90 degrees, so that the total amplitude is about equal to that of the primary tone alone; at 1758 Hz, the lag is greater than 90 degrees, leading to destructive interference.
Figure 13 of Wilson's Paper
A reproduction of Fig. 13 in [11] is presented in our Fig. 6 . That diagram is similar to Fig. 5 . The lower trace in Fig. 6 manifests a SOAE at 2610 Hz, and the upper trace shows the interference of the SFOAE with the primary tone, having a sound-pressure level of 25 dB (SPL). This interference differs from that described in Section 3.1.2. In the case of Fig. 6 , the phase lag of the SFOAE in the ear canal at 2610 Hz is concluded to have amounted to 180 degrees, leading to destructive interference; at 2605 Hz, the lag was 90 degrees, and at 2615 Hz, it was 270 degrees; therefore, at 2605 and 2615 Hz the total amplitude was equal to that of the primary tone alone. That equality holds also at f < 2603 Hz and at f > 2617 Hz, because these frequencies differ so strongly from 2610 Hz that the primary tone could not "pull in" [11] the frequency of the SFOAE. The ripple in the upper trace in Fig. 6 is stated, in [11] , to be "synchronized with heart rate which presumably modulates the phase relation". 
Figure 4 of Kemp's Paper
Part A of Fig. 7 , representing a "narrow band (10 Hz) analysis of the sound level in a dummy meatus" with 60-dB (SPL) stimuli at f 1 = 1500 Hz and f 2 = 1735 Hz, contains no significant peak at (2f 1 -f 2 ) = 1265 Hz; i.e., part A does not manifest a lower cubic difference tone (LCDT).
In part B of Fig. 7 , the "signal from the microphone in a human meatus without stimulation is analysed"; SOAEs at 1269 Hz and at 1251 Hz are observed.
In part C of Fig. 7 , the "analysis of sound developed in the meatus with a stimulus pair" is displayed; the pair consisted of two simultaneous 60-dB tones; frequency of first tone: f 1 = 1500 Hz; frequency of second tone: f 2 = 1767 Hz (1), 1758 Hz (2), 1748 Hz (3), 1738 Hz (4), 1727 Hz (5), 1720 Hz (6), or 1709 Hz (7). As expected, the corresponding LCDT peak appears at 1233 Hz (1), 1242 Hz (2), 1252 Hz (3), 1262 Hz (4), 1273 Hz (5), 1280 Hz (6), or 1291 Hz (7) .
Part D of Fig. 7 is similar to part C; in part D, the frequency of the second tone was f 2 = 1738 Hz; frequency of first tone f 1 = 1480 Hz (1), 1490 Hz (2), 1500 Hz (3), 1510 Hz (4), or 1520 Hz (5); frequency of LCDT: (2f 1 -f 2 ) = 1222 Hz (1), 1242 Hz (2), 1262 Hz (3), 1282 Hz (4), or 1302 Hz (5). Fig. 7B As mentioned above, Fig. 7B manifests SOAEs at 1269 Hz and at 1252 Hz. The smallness of the frequency difference between those two SOAEs (17 Hz) is unusual. In Fig. 3.11 of [4] , e.g., the frequency difference between neighbouring SOAEs amounts to 100 Hz or more. According to the original figure caption [10] of our Fig. 7B , "spontaneous oscillation is observed around 1260 Hz, the frequency of a cochlear resonance for that ear". The two peaks at 1269 Hz and at 1252 Hz in Fig. 7B may be caused by two weakly damped BMRs located at closely spaced places (e.g., at x = 21.67 mm and at x = 21.73 mm). The two corresponding localized BMR oscillations (see Section 2.1) are thought to alternate (i.e., not to occur simultaneously). For instance, at a given moment in time, the OHCs driving the BMR at 21.67 mm (f = 1269 Hz) may be active, while the OHCs driving the BMR at 21.73 mm are passive. A small fraction of a second later, the OHCs at 21.67 mm may run short of energy and turn passive, and the OHCs at 21.73 mm (f = 1252 Hz) start to be active. The streamline pattern of the standing evanescent liquid pressure waves generated by the BMR oscillations, which has a typical width of 0.3 mm [6, 7] , will change only slightly at the transition from one mode to the other.
The SOAEs in
The DPOAEs in Figs. 7C and 7D
As discussed, e.g., in Chapters 42 and 43 of [1] , the properties of cochlear distortion products (DPs) agree with predictions based on the hypothesis that the cochlear-partition elements behave as nonlinear springs; the nonlinearity of the restoring force is thought to be caused predominantly by active OHCs.
The emissions shown in Figs. 7C and 7D belong to the low-side DPOAEs (distortion-product OAEs); here, the term "low-side" indicates that the frequency of the distortion product, i.e., of the LCDT, is lower than the primarytone frequencies f 1 and f 2 . In [12] , it was hypothesized that the just mentioned backward DP wave is generated in the cochlear region where the BM oscillation velocity peaks of the forward TWs due to the two primary tones overlap. In Fig. 8 (corresponding to Fig. 7C ), the center of that DP generation region is indicated by curve c. Fig. 7C ; f DP = 2f 1 -f 2 is the frequency of the distortion product; curve a: place of BM oscillation velocity peak for a 60-dB tone at f 1 = 1500 Hz; curve b: place of BM oscillation velocity peak for a 60-dB tone at f 2 = 2f 1 -f DP ; curve c: place of oscillation velocity peak of the generated DP; curve d: low-level active-peak place for tone of frequency f DP .
As shown by curve c in Fig. 8 , the DP generation region is found to be centred at x § 21 mm. The (-3dB) half width of the DP generation region is estimated to be 0.45 mm [12] . In that region, a weak backward DP travelling wave and a stronger forward DP travelling wave are generated. The forward travelling wave is amplified by OHCs and reaches its (low-level) active peak at curve d in Fig. 8 . If the SOAEs at 1269 Hz and at 1252 Hz (Fig. 7B) are indeed due to weakly damped BM resonators at 21.67 and 21.73 mm, then at f DP near 1260 Hz the just mentioned forward DP wave, acting similarly to the stationary tone discussed in Sections 3.1 and 3.2, will generate a strong oscillation of one of those resonators and a corresponding strong DPOAE, as seen in Fig. 7C . The strong DPOAEs near 1260 Hz in Fig. 7D can be explained similarly.
SUPPRESSION OF OTOACOUSTIC EMISSIONS BY DESTRUCTIVE INTERFERENCE
The click-evoked emissions shown in Fig. 3a are attributed to two different functional categories of OHCs (outer hair cells): the OHCs of the first category are enabled by resonating IOCRs to feed mechanical energy into the forward travelling waves generated by the click, whereas the OHCs of the second category drive spontaneous localized BMR oscillations generating standing evanescent liquid pressure waves. The SFOAE interference patterns in curves A, B, and C of Fig. 5 and in the upper curve of Fig. 6 , however, have been attributed exclusively to OHCs of the second category. Section 4.1 treats a possible reason for the weakness of OAEs generated during stationary tones by OHCs of the first category.
OAEs Generated by IOCRs During a Stationary Tone Are Weak
As an example, emissions generated by a low-level stationary 1700-Hz tone (i.e., a tone at the lower limit of the frequency range considered in Fig. 5 ) will be treated. Fig. 2 yields that the peak of the 1700-Hz IOCR resonance curve is located at x = 17.6 mm. The (-3 dB) quality factor of mammalian IOCRs is estimated to be Q = 4 [1] . Correspondingly, the (-3 dB) peak width of the human 1700-Hz IOCR resonance curve is concluded to range from x 1 = 16.8 mm to x 2 = 18.4 mm. The round-trip phase lags 2ĭ(x) of the cochlear travelling wave generated by the stationary tone under discussion, for the just mentioned places x 1 , x 2 , can be estimated with the help of a short-wave equation {Eq. (4) 
Eq. (1) yields a phase-lag difference of 18.8 rad, i.e., of 3.0 cycles. That fairly large phase-lag difference implies that there is strong destructive interference among the IOCR-generated backward travelling waves originating in the various regions of the mentioned IOCR resonance peak, so that the IOCR-generated OAEs produced by the presently discussed 1700-Hz tone (and also by similar tones at other frequencies considered in Fig. 5 ) are expected to be weak. Fig. 3a Not Suppressed by Similar Destructive Interferences?
Why Are the TEOAEs Shown in
The click shown in Fig. 3 forms a wave group having a time duration of ~1 ms and a central frequency of ~1.7 kHz. That wave group causes, at the limits of the (-3 dB) peak width of the human 1700-Hz IOCR resonance curve (x 1 = 16.8 mm, x 2 = 18.4 mm; see Section 4.1 above), backward-travelling wave groups which reach the cochlear base after delays of 2Ĳ 1 and 2Ĳ 2 , respectively; Eq. (2) of [2] yields the following results for these delays:
Eq. (2) yields a time difference of 4.6 ms, implying that the two backward wave groups generated at x 1 and x 2 arrive at the cochlear base at delays differing so much that they cannot interfere significantly with each other. Similar arguments for pairs of backward wave groups generated at other places within the 1700-Hz IOCR resonance peak yield that indeed destructive interference is less severe in the case of IOCR-generated OAEs evoked by clicks than it is in the case of IOCR-generated OAEs evoked by continuous tones.
CONCLUSIONS
In this study, human otoacoustic emissions (OAEs) documented in the literature have been shown to agree with predictions based on the assumption that the OAEs are predominantly caused by active cochlear outer hair cells (OHCs). TEOAEs (transient-evoked OAEs, caused by clicks or tone bursts) appear to be mainly due to OHCs enabled by oscillating IOCRs (internal organ-of-Corti resonators [1] ) to feed mechanical energy into forwardtravelling cochlear waves generated by the applied acoustic stimuli. SOAEs (spontaneous OAEs) and SFOAEs (stimulus-frequency OAEs, caused by stationary tones) are conjectured to be mainly due to OHCs driving localized feedback-generated cochlear-partition vibrations involving standing evanescent sound-pressure waves in the liquids
